ABSTRACT Tin sulfide (SnS) has analogous structural features to tin selenide (SnSe), but contains more abundant resources as compared with SnSe. SnS has elicited attention as a potential eco-friendly thermoelectric (TE) material. However, the intrinsic carrier concentration of SnS is very low, thereby hindering the performance improvement of the material. This study proposes that the TE properties of polycrystalline Nadoped SnS (synthesized through an improved chemical coprecipitation) can be significantly enhanced. The maximum power factor (PF) of 362 μW m −1 K −2 at 873 K was achieved, presenting a state-of-the-art value for the polycrystalline SnS. Considering the merits of the improved electrical properties and lower thermal conductivity of SnS, the highest ZT was up to 0.52 at 873 K even without intentional chemical doping. This study offers an effective approach for improving the PF to achieve high ZT in SnS. Hence, we expect that this new perspective can be extended to other dopants and broaden the scope of synthesis technology.
INTRODUCTION
Thermoelectric (TE) materials, which can directly and reversibly convert heat into electricity, have attracted increasing attention both in scientific and industrial fields [1] [2] [3] . The dimensionless figure of merit ZT = (σα 2 /κ)T is a key indicator that determines the TE conversion efficiency [4] [5] [6] , where σ, α, κ and T are the electrical conductivity, Seebeck coefficient, thermal conductivity, and working temperature in Kelvin, respectively. Good TE materials possess not only high σ and large α, but also low thermal conductivity [7] [8] [9] . However, the highly coupled relationship among these parameters makes it difficult to improve the ZT value [10] [11] [12] . The concept of "phonon-glass electron crystal" proposed by Slack in the 1990s [13] [14] [15] has inspired people to identify the unique structures of TE materials that transfer carriers smoothly, while blocking phonon transmission, and explore new strategies, such as band engineering [16, 17] and manipulation of phonon transport by various defects [18, 19] . These explorations have been applied to the materials, such as (Bi,Sb) 2 Te 3 [20, 21] , PbTe [22, 23] , Ag 9 GaSe 6 [24] , BiCuSeO oxyselenides [25] , chalcogenides and selenides [3, [26] [27] [28] [29] [30] [31] [32] .
Recently, a simple binary compound SnS [33, 34] , with low-cost and social acceptance advantages, has emerged as a potential high-performance TE material. The SnS, with analogous structural features of SnSe [35] , belongs to the orthorhombic (Pbmn) space group [36] , as shown in Fig. 1 . The connection among layers belongs to weak van der Waals force, thus, leading to low thermal conductivity [37] . As a nonstoichiometric compound, SnS naturally presents the intrinsic p-type semiconductor [38] . Li et al. [34] first reported the TE performance of pure SnS. Thereafter, the doped SnS with other elements, such as Ag and Na, has been successfully investigated and the ZT value increased up to~0.6 [29, 33] . Recently, a single crystal of SnS, particularly, for the example of Na doping, has been successfully used to improve the TE performance. Zhou et al. [26] and Zhao et al. [28] reported that ZT values of Na-doped SnS single crystals exceeded 1.0 at 870 K. Nevertheless, the addition of a valuable metal, Ag, and an inflammable, explosive metal, Na, may minimize the practical application of SnS to a large extent. On the other hand, the poor mechanical properties and complex preparation processes of SnS single crystals can limit their industrial production. Moreover, owing to the strong oxidation of Sn 2+ , preparing pure SnS without Sn 4+ (e.g., SnO 2 and SnS 2 )
[39] becomes a considerable issue. Based on the above consideration, we attempted to dope Na into polycrystalline SnS using an improved chemical co-precipitation technology to eliminate and/or avoid the above mentioned problems. The schematic of the experimental setup is presented in Fig. 1a . Interestingly, the content of doped Na ions in SnS bulks can be determined by altering the filtration conditions. The result shows that the conductivity of SnS increased by even two orders of magnitude after introducing Na ions, especifically at low temperatures. Accordingly, the power factor (PF = σα 2 ) of Na-doped SnS increases up to 362 μW m −1 K −2 at 873 K, which is presently the highest reported value for the polycrystalline SnS. Therefore, the maximum ZT value is 0.52 at 873 K in the sample centrifuged for three times. Our results suggest that this preparation technique can be extended to other dopants and compounds.
EXPERIMENTAL SECTION

Synthesis
In this experiment, all the raw materials, including SnCl 2 ·2H 2 O, Na 2 S·9H 2 O, hydrochloric acid, anhydrous alcohol, glycol, and hydrazine hydrate, were used as analytical grade without further purification. The 1 mol L −1 SnCl 2 ·2H 2 O solution was added dropwise into the mixture of 3 mol L −1 Na 2 S solution and trace amount of hydrazine hydrate. Hereafter, the solutions were centrifuged and washed two, three, and four times and were named as Centrifuged-2c, Centrifuged-3c, and Centrifuged-4c, respectively. The precipitates were dried in a vacuum-drying oven for 24 h prior to further use. Then, the powders were loaded into a Φ12 graphite die in air and sintered into bulks by spark plasma sintering (SPS-211Lx, Fuji Electronic Industrial) at 933 K for 5 min under a pressure of 50 MPa.
Material characterization
The phase, morphology, and composition of the samples were characterized via X-ray diffraction (XRD) with Cu Kα radiation (XRD, D8 Advance; Bruker, Germany, λ = 1.5418 Å), FESEM (Merlin VP Compact Zeiss, Germany), and transmission electron microscopy (TEM, 2100F; JEOL, Japan), respectively. The electrical transport property, σ and α were measured using Ulvac-Riko ZEM-2. The density ρ was measured using the Archimedes method. Compared with the theoretical density, ρ of all the samples is more than 90% individually for each sample. The specific heat capacity, Cp, was estimated from the experimental data, as shown in Fig. S1A (Supplementary Information). The thermal diffusivity, D, (Fig. S1B ) was simultaneously measured using the laser ash method (TC9000; Ulvac-Riko, Japan). Then, the thermal conductivity, κ, was calculated according to the function κ = DCpρ. The measurement uncertainty in the ZT value is approximately 20%, which is caused by α, σ, κ, D, and ρ within 3%-5%.
RESULTS AND DISCUSSION
The crystal lattice of SnS, with analogous structural features of SnSe, belongs to the orthorhombic (Pbmn space) group at room temperature, as shown in Fig. 1b . The TE performance varies with direction owing to the non-cubic layered structure and weak van der Waals forces along the b-axis. Both the TE properties of SnS in different directions (i.e., parallel and perpendicular to the pressure axis) were compared and it was found that the performance in the perpendicular direction was slightly higher than that in the parallel direction. Therefore, the samples, Centrifuged-3c and Centrifuged-2c, were measured in a direction perpendicular to the pressuring direction. Details will be discussed in the following section.
The morphology of the SnS powder was observed via FESEM (Fig. 1c) . The SnS powder has two different morphologies, granular and flaky. The size of the granular particles is approximately 100 nm or even smaller. Interestingly, the flaky SnS are combined into the hollow spheres, which may be closely related to the preparation conditions, thereby affecting the crystal orientation of the sintered SnS bulk.
The XRD patterns of Sn 1−x Na x S bulks are shown in Fig. 2a . Centrifuged-4c, Centrifuged-3c, and Centrifuged2c represent the samples with corresponding times of centrifugation. Compared with the PDF cards (Nos. 39-0354 and 41-1445), almost no other phases but SnS appeared. Notably, the ratio of I (040) /I (111) in the perpendicular direction is larger than that in the parallel direction, suggesting that a large number of grains in bulk are oriented. This grain orientation may tend to enhance the electrical transport properties. In addition, with the increasing centrifugation times, the peaks of (111) and (040) gradually shift to the higher angle (Fig. 2b) . Based on the Bragg formula, it is easy to understand that the interplanar distance (d) between (111) and (040) is reduced, indicating the influence of centrifugation on the lattice structure of SnS grains. In addition, the orientation relationship of the SnS block was verified by the FESEM images in Fig. 2c and d . We also found that the centrifugation times, which represent the content of Na + and Cl − ions, have some influence on the morphology of the sintered bulks. As shown in Fig. S2 , with the increase in centrifugation times, the lamellar state of the bulks is more evident. The effect of different structures on the TE performance will be exhibited in the following sections. High-resolution TEM (HRTEM) was performed to observe the detailed crystal morphology, element distribution, and internal defects in the sintered bulks, which may play a significant role on the electrical and thermal properties, as presented in Fig. 3 . The Sn and S atoms are expected to be staggered on different columns of the [100] projection (Fig. 3a) . The calibrated fast Fourier transformation (FFT), inset in Fig. 3a spots also demonstrate the atomic arrangement. Finally, we did not observe the Na + point defects in the crystal lattice owing to the less amounts of Na + . However, the distribution of Na + in the grains can be clearly observed by the energydispersive X-ray spectrum mapping (Fig. 3b) . In addition to the grains with different orientations (Fig. 3c1 and  3c2) , the orientation relation is not exactly same inside the grain. Abnormally, the long-range ordered structure even inside the grain seems to be interrupted, and the wavy strips in the dark field image (Fig. 3d) clearly prove this phenomenon, which is probably induced by a weak van der Waals force between the Sn-S and Sn-S along the [010] direction. The electrical transport properties for all the samples are illustrated in Fig. 4 . The σ increases with temperature for the Centrifuged-4c sample. σ in the perpendicular direction is slightly greater than that in the parallel direction (Fig. 4a) . These results may be caused by the preferred grain orientation in (040) that is confirmed in the XRD pattern. Notably, the two samples are p-type semiconductors with positive α owing to the intrinsic vacancy of Sn 2+ . Moreover, α in perpendicular direction increases probably because of the strong anisotropy of the effective masses in different crystal directions. Accordingly, PF of Centrifuged-4c in the perpendicular direction has more advantages than that in parallel direction. Therefore, even when high σ in the perpendicular direction leads to high thermal conductance (κ), the ZT in the perpendicular direction remains high, particularly in high temperature. Thus, the TE properties of Centrifuged-3c and Centrifuged-2c were measured in a direction perpendicular to that of the pressure. As shown in Fig. 4a , σ of Centrifuged-3c and Centrifuged-2c are higher than that of the Centrifuged-4c sample in the entire temperature range, and the variation rule of σ involved three stages, which are consistent with the single ion-doped semiconductors. Generally, because of the higher concentration of Na + ions than that of Centrifuged-3c, Centrifuged-2c should have higher σ. However, this phenomenon is not the case at a high temperature stage. The possible reason is that many Cl − ions have not been completely removed in the matrix when centrifuged only twice. The Cl − not only impedes the migration of carriers and deteriorate the mechanical properties, but also weakens the α, as shown in Fig. 4b . Possibly, the introduction of Na + is always accompanied by impurities. However, when the number of centrifugations is increased to three times, a better balance will exist between the effects of impurities and Na + on the electrical transport performance. The adjustable amount of doped Na + in the bulk is proven by the Hall carrier concentration n measured at room temperature (Fig. 4c) . Evidently, n is negatively correlated with the times of centrifugation. The Hall mobility, μ H , calculated from μ H = ρ −1 e −1 n −1 is simply the opposite. After a certain improvement of n, the onset of intrinsic excitations is clearly identified in Fig. S3 on the n of Centrifuged-3c above 700 K. μ H initially rises with the increasing temperature, and then, decreases with regard to the relationship of μ H ≈ T −1.5 . This result implies the dominant role of acoustic phonon scattering in the charge transport. Fig. 4d presents the temperature-dependent PF of all the SnS samples. The curve of PF for Centrifuged-3c undergoes three stages. This phenomenon is often reported in the doped semiconductor. Finally, we achieved the maximum PF of 362 μW m −1 K −2 at 873 K for the sample centrifuged three times, which was substantially higher than that of Centrifuged-4c (< 100 μW m
) and exceeded the previously reported value for the polycrystalline SnS.
The temperature dependence on the total thermal conductivity, κ total , for all the samples is shown in Fig. 5a . For Centrifuged-3c, high κ may be attributed to the synergetic effect of the appropriate concentration of Na + , less impurities, better crystallinity, grain orientation, etc. Therefore, we attempted to use a single parabolic bond and Wiedemann-Franz Law model to understand the change on the estimated lattice thermal conductivity κ l = κ total − κ e = κ total − LσT, where κ e and L present the electric thermal conductivity and Lorenz number, respectively. The detailed computational process can be found in the Supplementary information. The temperature-dependent lattice thermal conductivities κ l for Sn 1−x Na x S bulks are shown in Fig. 5b . The changing tendency of κ l is very similar to that of κ total owing to the low concentration of Na. The theoretical minimum thermal conductivity κ min at 300 K is shown in Fig. 5b and calculated using Cahill's formula, where the calculated phonon velocities of 3,368 m s −1 for longitudinal and 1,537 and 2,368 m s
for transverse branches at 300 K are based on relevant literature [40, 41] . Apparently, κ l of all samples each is far higher than the reported values of Ref. 25, Ref. 29 , and κ min , particularly for the Centrifuged-3c sample. Such a difference may be caused by several reasons. One is that the chemical synthesis can realize the structural reconfiguration at atomic level and achieve amorphous nanoparticles. After the high-temperature SPS sintering, these amorphous nanoparticles can be easily restructured owing to the high-surface-energy. As observed in the XRD patterns and HRTEM images, the grains are arranged with noticeable orientations, which may be more conducive to phonon transmission. Thus, SPS may not be suitable for this case, and alternate technologies, such as cold isostatic pressing combined with rapid thermal processing, should be explored in the future. Meanwhile, given that Cahill's model is based on the assumption that almost all phonons can be scattered in disordered crystals or solid amorphous glass, it is easy to understand the line of κ l for all the samples over κ min . Therefore, benefiting from the high PF and weakened bipolar diffusion of κ, the ZT values for Centrifuged-3c increase rapidly in the entire temperature range, and the largest ZT value reaches 0.52, which is three times higher than that of the reference SnS (Fig. 6a) . Moreover, further ZT enhancement is highly possible by employing nanostructuring approaches to reduce thermal conductivity.
CONCLUSION
In summary, we synthesized the polycrystalline Na-doped SnS with enhanced TE performance using the improved chemical co-precipitation. Different filtration conditions were explored to adjust the content of doped Na + ion in SnS bulks. The optimized condition leads to a maximum PF of up to 362 μW m −1 K −2 at 873 K, which is the highest reported value for the polycrystalline SnS. Even without intentional chemical doping, the present SnS materials have high ZT up to 0.52 at 873 K, despite its higher thermal conductivity. This study offers an effective approach and perspective to significantly improve PF and achieve high ZT in SnS. Therefore, besides Na doping, we highly expect that this modification process can be extended to other dopants that have similar cation doping efficiency and can broaden the scope of compound technology. 
